Excision repair cross-complementation group 1 (ERCC1) is a DNA repair enzyme that is frequently defective in non-small cell lung cancer (NSCLC). Although low ERCC1 expression correlates with platinum sensitivity, the clinical effectiveness of platinum therapy is limited, highlighting the need for alternative treatment strategies. To discover new mechanism-based therapeutic strategies for ERCC1-defective tumours, we performed high-throughput drug screens in an isogenic NSCLC model of ERCC1 deficiency and dissected the mechanism underlying ERCC1-selective effects by studying molecular biomarkers of tumour cell response. The high-throughput screens identified multiple clinical poly (ADP-ribose) polymerase 1 and 2 (PARP1/2) inhibitors, such as olaparib (AZD-2281), niraparib (MK-4827) and BMN 673, as being selective for ERCC1 deficiency. We observed that ERCC1-deficient cells displayed a significant delay in double-strand break repair associated with a profound and prolonged G 2 /M arrest following PARP1/2 inhibitor treatment. Importantly, we found that ERCC1 isoform 202, which has recently been shown to mediate platinum sensitivity, also modulated PARP1/2 sensitivity. A PARP1/2 inhibitor-synthetic lethal siRNA screen revealed that ERCC1 deficiency was epistatic with homologous recombination deficiency. However, ERCC1-deficient cells did not display a defect in RAD51 foci formation, suggesting that ERCC1 might be required to process PARP1/2 inhibitor-induced DNA lesions before DNA strand invasion. PARP1 silencing restored PARP1/2 inhibitor resistance in ERCC1-deficient cells but had no effect in ERCC1-proficient cells, supporting the hypothesis that PARP1 might be required for the ERCC1 selectivity of PARP1/2 inhibitors. This study suggests that PARP1/2 inhibitors as a monotherapy could represent a novel therapeutic strategy for NSCLC patients with ERCC1-deficient tumours.
INTRODUCTION
Non-small cell lung cancer (NSCLC) is the leading cause of cancerrelated death worldwide, with 50% of patients presenting with advanced or metastatic disease at diagnosis. 1 Currently, less than 15% of patients survive 5 years beyond diagnosis. The median overall survival in the metastatic setting is only 10-12 months, despite aggressive treatments. Therefore, new therapeutic approaches for this disease are urgently needed.
The recent advances in genome analysis have identified a number of genetic alterations in NSCLC that could be therapeutically exploited as predictive biomarkers for guiding treatment decisions and customising therapy, eventually improving patient outcome. 2, 3 For example, the use of epidermal growth factor receptor inhibitors in EGFR-mutated tumours, 4 as well as anaplastic lymphoma kinase inhibitors in ALK-translocated diseases (10-15% and 5-7% of NSCLC, respectively) 5 represent significant advances in this area. Unfortunately, the vast majority of NSCLCs do not benefit from these treatments, highlighting the need for additional approaches.
Excision repair cross-complementation group 1 (ERCC1), which forms part of a key DNA repair enzyme active in the nucleotide excision repair pathway, is a promising predictive biomarker for customised therapy. [6] [7] [8] [9] Low ERCC1 expression has been correlated with cisplatin sensitivity in several tumour types. As a heterodimer with XPF (xeroderma pigmentosum complementation group F), ERCC1 acts as a structure-specific DNA endonuclease, cutting DNA on the 5 0 site of DNA lesions, a function that is thought to be ratelimiting in the processing of platinum-induced DNA crosslinks. [10] [11] [12] [13] Platinum salts are the cornerstone of NSCLC treatment, but their administration is unfortunately restricted by cumulative haematoand neuro-toxicities, and has to be halted after 4-6 cycles even if some degree of anti-tumour response is still observed. Moreover, a significant proportion of patients, who would otherwise benefit from platinum-based therapy, are not eligible for such treatment, owing to organ dysfunction, co-morbidities or poor performance status. Approximately 50% of NSCLC patients display low levels of ERCC1 and could benefit from alternative approaches selectively targeting ERCC1 deficiency. 7 In this study, we performed a high-throughput drug screening using an isogenic model of ERCC1-deficient NSCLC to discover new therapeutic approaches.
RESULTS
A drug screen identifies poly (ADP-ribose) polymerase 1 and 2 inhibitors as being selectively toxic to ERCC1-deficient cells In order to identify ERCC1-selective agents, we performed a drug sensitivity screen by using a library of 80 drugs, either already used in oncology or in late-stage development.
To maximise the potential for identifying ERCC1-selective effects, we used a recently generated isogenic panel 14 of NSCLC-derived tumour lines, 15 in which ERCC1 had been inactivated by zinc finger-mediated gene targeting. In total, we used five isogenic NSCLC cell lines, including a parental ERCC1 wild-type A549 NSCLC cell line, one ERCC1-heterozygous cell line (Ahez, expressing 65% of the original mRNA amount) and three ERCC1-deficient clones (Ac216, Ac295 and Ac375, expressing 6%, 18% and 15% of the originial protein amount, respectively) (Figure 1a and b) . The clinical relevance of these ERCC1-isogenic cell lines was confirmed by the extreme sensitivity to cisplatin of the ERCC1-deficient clones, which were more than 100 times more sensitive than their ERCC1 wildtype and heterozygous counterparts (Figure 1c , Supplementary  Table S1 ).
To identify ERCC1-selective effects, we plated each of the isogenic models in 384-well plates and exposed them to the drug library for 5 days. Each drug was represented at four concentrations (see Material and Methods). In total, we screened each of the isogenic cells in triplicate, combining this replica data in the final analysis. Only screens that met pre-defined quality criteria were considered for inclusion in this final data set (Supplementary Figure S1A) . To focus our analysis on ERCC1-selective effects, we identified those drugs where there was a 415% difference in surviving fraction between parental ERCC1-proficient and ERCC1-deficient clones at two or more drug concentrations. This approach identified 25 drugs for subsequent validation, including six different poly (ADP-ribose) polymerase 1 and 2 (PARP1/2) inhibitors (Supplementary Figure S1B and Supplementary Table  S2 ) that delivered ERCC1-selective effects among all ERCC1-deficient clones. Subsequent validation experiments, using the same experimental procedure as for the high-throughput screen, suggested that of the 25 drugs identified in the initial analysis, only the PARP1/2 inhibitors showed a reproducible ERCC1-selective effect as described below. Importantly, these selective effects were consistent among all ERCC1-deficient clones and were observed using several different PARP1/2 inhibitors.
Validation of the sensitivity of ERCC1-deficient cells to PARP1/2 inhibitors As high-throughput screens often deliver false-positive results, we aimed to validate these results by assessing the PARP1/2 inhibitor sensitivity of ERCC1-deficient cells in a number of different assay systems, including short-term assays (384-and 96-well assays) and long-term colony-formation assays, utilising various PARP1/2 inhibitors. To minimise the potential for these ERCC1-selective effects being due to the genetic drift often observed in tumour cell lines, we also assessed PARP1/2 sensitivity in ERCC1 wild-type A549 cultures maintained at two different sites- Figure S2) . Given the potential for using PARP1/2 inhibitors in the clinical setting, we then focused on validating these results by using two clinically relevant PARP1/2 inhibitors, namely olaparib (AZD-2281, Astra Zeneca, London, UK) and niraparib (MK-4827, TesaroBio, Waltham, MA, USA). Both compounds displayed significant selectivity towards the ERCC1-deficient clones, which were 10-100 times more sensitive to the PARP1/2 inhibitors than their ERCC1-proficient counterpart (Figure  2a and b; Supplementary Table S1 ).
In addition to our original isogenic model, we also assessed the generality of our findings by silencing ERCC1 by RNA interference. Although we were able to generate ERCC1-deficient A549 clones by gene targeting, siRNA-mediated silencing of ERCC1 in NSCLC models caused acute cytotoxicity (data not shown), precluding their use in siRNA experiments. However, we noted that Zhang et al. 16 had previously silenced ERCC1 in U2OS osteosarcoma cells with minimal cytotoxic effects. Using this system, we found that ERCC1 siRNA caused olaparib sensitivity compared with control transfected cells. Strikingly, the effect of ERCC1 siRNA was comparable to the effect of BRCA2 siRNA (Figure 2c Table S1 ).
ERCC1 isoform 202 rescues PARP1/2 inhibitor sensitivity in ERCC1-deficient NSCLC As the use of isolated isogenic models do not always reflect the impact of genetic heterogeneity on drug response, we examined olaparib sensitivity in a panel of 14 NSCLC cell lines (Supplementary Figure S3A) . When comparing the olaparib sensitivity of NSCLC models with the expression of ERCC1 (as detected by western blotting), we did not find a clear correlation between reduced ERCC1 expression and olaparib sensitivity. However, after examining cisplatin sensitivity in the same NSCLC cell line panel ( Supplementary Figures S3A and B) , we found that cisplatin sensitivity was significantly correlated to olaparib sensitivity (r 2 ¼ 0.5409, Po0.05, Pearson's r correlation; Supplementary Figure S3B ), despite the absence of any clear correlation to the level of ERCC1 protein.
ERCC1 is expressed as four distinct isoforms, 201, 202, 203 and 204. 15 Isoforms 201, 203 and 204 lack amino acids encoded by exons 10, 8 and 3, respectively, whereas ERCC1 isoform 202 is the only isoform to encompass the full XPA, XPF, MSH2, single-strand DNA and double-strand DNA binding domains. 12, 15 Very recent work has demonstrated that isoform 202 is a major determinant of platinum sensitivity in NSCLC when compared with the other isoforms. 15 We wanted to test whether the four distinct ERCC1 isoforms had differential effects on the PARP1/2 inhibitor response. By transfecting previously validated ERCC1 isoform cDNA expression constructs 15 into ERCC1-deficient A549 cells, we found that the construct encoding isoform 202 restored PARP1/2 inhibitor resistance in ERCC1-deficient clones, whereas the other isoforms had no effect (Figure 2e ; Supplementary Table S1), suggesting that similar to the response to cisplatin, the response to PARP1/2 inhibitors was also determined by the ERCC1 isoform 202.
ERCC1 deficiency in NSCLC sensitises cells to BMN 673, a novel hyperpotent PARP1/2 inhibitor The majority of clinical PARP1/2 inhibitors have biochemical IC 50 in the nanomolar to micromolar range. BMN 673 is a highly potent PARP1/2 inhibitor that selectively inhibits PARP1 at subnanomolar concentrations, 17, 18 and is currently assessed in phase 1 clinical studies. We tested the effect of BMN 673 in our ERCC1-isogenic system and found that ERCC1-deficient clones were significantly more sensitive to BMN 673 than their ERCC1-proficient counterparts ( Figure 2f ; Supplementary Table S1 ). Consistent with the enhanced potency of this compound, the ERCC1-selective effect of BMN 673 was achieved at considerably lower concentrations of PARP1/2 inhibitor than for the other clinical inhibitors (compare with Figures 2a and b; Supplementary Table S1 ).
Mechanistic dissection of NSCLC cell sensitivity to PARP1/2 inhibitors In order to understand the nature of PARP1/2 inhibitor sensitivity in ERCC1-deficient NSCLC cells, we assessed a number of molecular phenotypes associated with the response to PARP1/2 inhibitors, namely; (i) the formation of nuclear RAD51 foci, (ii) the effect of silencing homologous recombination (HR) genes, (iii) the formation and resolution of nuclear gH2AX foci, (iv) the effect on the cell cycle of PARP1/2 inhibitors and (v) the effect of PARP1 ablation on PARP1/2 inhibitor sensitivity.
ERCC1-deficient NSCLC cells mount a PARP1/2 inhibitor-induced RAD51 response. The profound sensitivity of BRCA1 or BRCA2 mutant cells to PARP1/2 inhibitors is most likely caused by a defect in the recruitment of the DNA recombinase RAD51 to sites of DNA damage. In normal dividing cells, RAD51 recruitment (which can be monitored by visualising nuclear RAD51 foci using immunocytochemistry) precedes DNA strand invasion as part of the process of HR. We assessed whether ERCC1-deficient cells also displayed such a defect, by assessing the extent of nuclear RAD51 foci formation in response to PARP1/2 inhibitor exposure. We found that olaparib exposure elicited the formation of RAD51 foci in both ERCC1-proficient and deficient models, and that ERCC1-deficient cell lines did not show the overt RAD51 defect found in BRCA-deficient models (Supplementary Figure S4) . This suggested that ERCC1 deficiency in NSCLC cells did not abrogate RAD51 function as a mechanism of PARP1/2 inhibitor sensitivity. Wholeexome sequencing of the clones also confirmed the absence of mutation in other genes known to sensitise to PARP1/2 inhibitors (data not shown).
The effect of ERCC1 deficiency on PARP1/2 inhibitor sensitivity is epistatic with defects in genes that control the nuclear localisation of RAD51. To further investigate the mechanism by which ERCC1 deficiency led to PARP1/2 inhibitor sensitisation, we performed an olaparib siRNA sensitisation screen that simultaneously evaluated the effect of 911 different genes on the extent of PARP1/2 inhibitor sensitivity in both ERCC1-proficient and -deficient clones. For this screen, we used an siRNA library targeting kinase, tumour suppressor and DNA repair genes, an approach we have previously described elsewhere. 19 We performed triplicate siRNA screens in the parental ERCC1-proficient A549 cell line and in the two ERCC1-deficient clones that displayed the lowest levels of ERCC1 expression (Supplementary Figure S5) . We quantified the effect of each siRNA in the library on olaparib sensitivity by calculating drug effect (DE) Z-scores, where a Z-score of p À 2 was used to define statistically significant olaparib sensitising effects.
By comparing sensitisation effects in ERCC1-proficient and ERCC1-deficient clones, we found that siRNAs targeting wellestablished HR genes that control the localisation of RAD51 to the site of DNA damage, such as BRCA1, BRCA2, ATR and SHFM1 (aka DSS1) enhanced the olaparib sensitivity in ERCC1-proficient NSCLC cells but not in ERCC1-deficient cells ( Table 1) . As a sign of the quality of the screens, BRCA2 siRNA were plated in duplicate within the library, and both BRCA2 siRNA pools returned DE Zscores of o À 2 in the ERCC1-proficient cells but not in the ERCC1-deficient clones, an effect we also independently validated ( Table S1 ). These observations suggested that ERCC1 deficiency and HR gene deficiency were in fact epistatic, such that the effect of modulating ERCC1 masked the phenotypic effect of modulating well-known HR genes. As observation of epistasis between genes is usually indicative of involvement in a shared process, it suggested that although ERCC1 deficiency had no effect on the RAD51 response, ERCC1 function might be linked to the HR gene function in response to PARP1/2 inhibitors.
ERCC1-deficient cells display a delay in the repair of DNA damage following PARP1/2 inhibitor exposure. We also investigated the ability of ERCC1-deficient cells to resolve DNA damage following olaparib treatment. In addition to the formation of RAD51 nuclear foci, one of the other characteristics of exposure of PARP1/2 inhibitors is the formation of nuclear gH2AX foci, a marker of the phosphorylation of histone H2AX at the site of DNA double-strand breaks (DSBs) and stalled replication forks. We exposed ERCC1-proficient and -deficient NSCLC cells to olaparib for 24 h, and monitored gH2AX foci formation after the drug had been removed from the culture media, using immunocytochemistry. Before olaparib exposure, the frequency of cells with gH2AX foci in Abbreviations: DE, drug effect; ERCC1, excision repair cross-complementation group 1; siRNA, small interfering RNA. DE values of a siRNA screen evaluating 911 kinase, tumour suppressor and DNA repair genes, combined with olaparib treatment at non-toxic concentration (80% surviving fraction). The screen was performed in triplicate. The sensitising effect of each siRNA (DE) was estimated using a DE Z-score of p À 2 to define statistically significant olaparib sensitising effects. BRCA1, BRCA2, ATR and SHFM1 were the only siRNA sensitising the ERCC1-proficient cells only to olaparib, as assessed by a DE Z-score p À 2. A549a and A549b represent two individual screens independently performed in triplicate each in A549 cell line; Ac216: ERCC1-deficient clone 216; Ac375: ERCC1-deficient clone 375.
PARP1/2 inhibitors in ERCC1-deficient NSCLC S Postel-Vinay et al untreated ERCC1-proficient and -deficient clones was not significantly different, with all clones exhibiting B10% of cells with more than 10 gH2AX foci (data not shown). After 24 h of olaparib exposure, the frequency of cells with gH2AX foci increased, with 55-80% of cells exhibiting more than 10 gH2AX foci, regardless of the ERCC1 genotype (see time point T ¼ 0, Figure 4a , frequency of cells with more than 10 gH2AX foci A549 vs Ac216: P ¼ 0.24; A549 vs Ac295: P ¼ 0.06; A549 vs Ac375: P ¼ 0.06, Student's t-test). By contrast, the resolution of gH2AX foci after PARP1/2 exposure was significantly delayed in ERCC1-deficient clones when compared with the ERCC1-proficient parental NSCLC cells, with 25-40% of ERCC1-deficient cells exhibiting more than 10 gH2AX foci, compared with only 8% in the ERCC1-proficient parental clone at 76 h after drug removal (A549 vs Ac216: P ¼ 0.002; A549 vs Ac295: P ¼ 0.002; A549 vs Ac375: P ¼ 0.004, Student's t-test, Figure 4a , Supplementary Figure  S7 ). These observations were consistent with the hypothesis that ERCC1-deficient cells displayed a defect in the resolution of DNA damage caused by PARP1/2 inhibitors. We also assessed the cell cycle response to olaparib exposure in ERCC1-deficient NSCLC cells. As in the previous experiment, we exposed cells to olaparib for 24 h and then monitored the changes in the cell cycle after the removal of olaparib, using flow cytometry. Although both ERCC1-deficient and ERCC1-proficient models exhibited a G 2 /M arrest in response to olaparib exposure, this arrest was much more profound and prolonged in ERCC1-deficient cells (Figure 4b , % cells in G 2 at drug removal for A549 ¼ 26.7, Ac216 ¼ 51.8, Ac295 ¼ 51.8 and Ac375 ¼ 54.9; Supplementary Table S3 ). This difference in G 2 /M arrest was most pronounced 6 h after drug removal (% cells in G 2 at 6 h after drug removal for A549 ¼ 31.1, Ac216 ¼ 64.3, Ac295 ¼ 59.7 and Ac375 ¼ 63.3), coinciding with the maximal formation of the gH2AX foci (Figure 4a and b) , consistent with the hypothesis that the resolution of DNA damage in ERCC1-deficient clones was delayed in response to a PARP1/2 inhibitor, when compared with ERCC1-proficient cells.
PARP1 silencing causes PARP1/2 inhibitor resistance in ERCC1-deficient NSCLC cells. Several overlapping mechanisms have been suggested to explain the cytotoxicity of PARP1/2 inhibitors, including the formation of DNA DSBs subsequent to the failure of single-strand break repair caused by PARP1 inhibition.
14 More recently, the observation that the cytotoxic response to small molecule PARP1/2 inhibitors can be abrogated by the genetic suppression of PARP1 levels has led to the hypothesis that PARP1 trapped onto DNA as a result of its catalytic inhibition might be a key cytotoxic DNA lesion. 20, 21 This observation is consistent with the idea that auto-PARylation of PARP1 is required for the dissociation of this enzyme from damaged DNA and that, in the absence of a PARP1 substrate, the PARP1/DNA lesion is not formed, resulting in a minimisation of the effects of PARP1/2 inhibitors in certain contexts.
We assessed whether silencing of PARP1 also minimised the cytotoxic effects of PARP1/2 catalytic inhibitors in ERCC1-deficient NSCLC cells. We found that PARP1 siRNA transfection rescued PARP1/2 inhibitor sensitivity in ERCC1-deficient clones, but PARP1 depletion did not affect the sensitivity of ERCC1-proficient cells to PARP inhibition ( Figure 5 ; Supplementary Figure S8 ; Supplementary  Table S1 ). This suggested that the selective cytotoxicity of PARP1/2 inhibitors towards ERCC1-deficient cells may be primarily mediated by the trapping of PARP1 onto the DNA.
A model for ERCC1-deficient NSCLC sensitivity to PARP1/2 inhibitors Our mechanistic dissection of PARP1/2 inhibitor sensitivity in ERCC1-deficient NSCLC suggested the following: (i) ERCC1-deficient NSCLC cells are not profoundly deficient in terms of RAD51 foci response or BRCA1/BRCA2 expression; (ii) ERCC1 deficiency is epistatic with HR gene silencing in terms of PARP1/2 inhibitor sensitivity; (iii) gH2AX foci resolution in response to PARP1/2 inhibitors is delayed in ERCC1-deficient cells; (iv) persisting DNA damage is observed in ERCC1-deficient cells Figure 3 . BRCA2 silencing is epistatic with ERCC1 deficiency in mediating PARP1/2 inhibitor sensitivity. Effect of BRCA2 knockdown by siRNA on sensitivity of ERCC1-isogenic cell lines to olaparib. Cells were reverse-transfected with BRCA2 siRNA and drug was added 48 h after transfection. Cells were exposed to the drug for 5 days. Error bars represent the s.d. from the mean of three independent experiments. compared with that in wild-type counterparts following PARP1/2 inhibitor exposure, which results in a delay in cell cycle progression; and (v) silencing of PARP1 before PARP1/2 inhibitor treatment is able to minimise the ERCC1-selective effects of PARP1/2 inhibitors.
Although a number of possible scenarios might explain these observations, the following proposed working model may be most consistent with the data (Figure 6 ): (i) PARP1 binds DNA in response to a commonly occurring DNA insult but, in the presence of a catalytic inhibitor, is trapped onto DNA (Figure 6a ). This is consistent with recent data 20 and the observation that silencing PARP1 by siRNA causes PARP1/2 resistance in ERCC1-deficient NSCLC cells ( Figure 5 ). (ii) When cells are in S phase, DNA-trapped PARP1 stalls the oncoming replication fork (Figure 6b ) and causes a gH2AX response (as demonstrated in Figure 4) . In some cases, fork arrest leads to replication fork collapse and formation of a DNA DSBs (Figures 6c and d) , consistent with the formation of RAD51 foci in both ERCC1-deficient and -proficient NSCLC cells (Supplementary Figure S4) . As stalling occurs upstream of the DNA lesion, the creation of the DSB does not allow the removal of trapped PARP1. (iii) The DSB creation results in the formation of a branched structure on the 5 0 side of the DNA, thereby creating a substrate for the ERCC1/XPF DNA endonuclease, which excises and removes trapped PARP1 (Figure 6e and f) . In the absence of ERCC1, the DNA lesion is presumably not processed past point E; cells remain trapped in S phase and display G 2 /M arrest, the gH2AX response is still activated (both shown in Figure 4 ), and as DNA DSBs are particularly lethal, cells either die at this point or use alternative forms of repair that are presumably suboptimal, thus impairing their overall fitness. (iv) In ERCC1-proficient cells, gap filling is performed after PARP1 excision by ERCC1/XPF via conventional DNA polymerases (Figure 6g ), which generates a final substrate for HR (Figure 6h) , eventually followed by replication fork restart and cell cycle progression. The necessity for ERCC1 activity on the PARP1/DNA lesion before HR can restore the replication fork is consistent with the epistasis observed between HR genes and ERCC1 deficiency in terms of olaparib sensitivity.
DISCUSSION
One major challenge in the era of personalised medicine is the identification of predictive biomarkers for drug response. ERCC1 expression has previously been correlated with cisplatin response in NSCLC and other tumour types. 6, 7, [22] [23] [24] [25] [26] [27] [28] Our screen identified PARP1/2 inhibitors as a potential novel therapeutic strategy for ERCC1-deficient NSCLC cells. We show that ERCC1-deficient NSCLC cell line models are not only sensitive to a range of clinical PARP1/ 2 inhibitors, but also that ERCC1 isoform 202, the isoform that modulates cisplatin response, also causes PARP1/2 inhibitor resistance in NSCLC models. The epistasis between ERCC1 dysfunction and HR gene silencing in terms of PARP1/2 inhibitor sensitivity, together with the lack of a profound RAD51 dysfunction in ERCC1-deficient cells, suggests that the role of ERCC1 in the processing of PARP1/2 inhibitor-related DNA lesion might not be in HR itself but rather in the processing of the DNA lesion as a precursor to its final repair by RAD51-mediated HR. Together with previous data suggesting the nature of DNA lesions caused by PARP1/2 inhibitors, 20 we propose a model in which PARP1 itself trapped on the DNA by PARP1/2 inhibitor might constitute a substrate lesion for ERCC1/XPF-before HR-which would cause the selectivity observed. PARP1/2 inhibitors have shown remarkable activity in BRCAdeficient breast and ovarian cancers. 14 The present study provides evidence that PARP1/2 inhibitor-selective sensitivity may not be limited to this population. Interestingly, ERCC1 also emerged as a T76   T0  T4  T12 T28 T52 T76   100   50   0  T0  T4  T12 T28 T52 T76   0  1  2  3-5  6-10  >10   100   50   0  T0  T4  T12 T28 T52 T76 Figure 4 . Kinetics of gH2AX foci formation and cell cycle analysis following olaparib treatment. (a) Quantification of gH2AX foci per cell following olaparib treatment in isogenic ERCC1-proficient and ERCC1-deficient cell lines. Cells were continuously exposed to 10 mM olaparib for 24 h and drug was removed (T0). Foci were counted at different time points following olaparib removal. The proportion of cells presenting more than 10 gH2AX foci was not significantly different between ERCC1-proficient and ERCC1-deficient cell lines at T0 (A549 vs Ac216: P ¼ 0.24; A549 vs Ac295: P ¼ 0.06; A549 vs Ac375: P ¼ 0.06, Student's t-test); by contrast, this proportion was significantly higher at 76 h after drug removal in ERCC1-deficient clones as compared with the parental cell line (A549 vs Ac216: P ¼ 0.002; A549 vs Ac295: P ¼ 0.002; A549 vs Ac375: P ¼ 0.004) (b) Fluorescence-activated cell sorting profile of ERCC1-proficient and ERCC1-deficient cells before and after olaparib treatment at different time points. Cells were exposed to 10 mM olaparib for 24 h and drug was removed. Cell were stained with propidium iodide at several time points after drug removal (DR) for analysis of the DNA content and cell cycle phase. **Po0.005.
determinant of PARP1/2 inhibitor sensitivity in a wide siRNA screen designed to identify modifiers or olaparib response, with a Z-score of À 2.248 (Postel-Vinay, Lord, Ashworth, unpublished data). Our findings add to the panel of clinically relevant DNA repair genes that modulate the cellular response to these agents, including PTEN, ATM, ATR, CDK1, CHEK1 and CHEK2, PARP1/2 inhibitors in ERCC1-deficient NSCLC S Postel-Vinay et al and the FANC family of genes. 19, 20, 29, 30 The observation that only ERCC1 isoform 202 was able to rescue the PARP1/2 inhibitorselective effect also suggests that the processing of PARP1/2 inhibitor-generated DNA lesions might be more similar to the molecular response to platinum adducts that was previously thought. 15, [31] [32] [33] Moreover, the relative correlation observed in the non-isogenic panel of 14 NSCLC cell lines between cisplatin sensitivity and olaparib sensitivity also supports this hypothesis. Taken together, these observations support the proposition that platinum sensitivity could be a surrogate biomarker of PARP1/2 inhibitor sensitivity. Platinum administration has to be halted after a few cycles, and platinum-sensitive patients could benefit from 'switch maintenance therapy' (that is, introduction of a new agent following platinum-based therapy) in order to prolong tumour shrinkage. Given the excellent tolerability profile of PARP1/2 inhibitors as monotherapy, these agents could be evaluated as switch maintenance therapy in platinum-sensitive NSCLC patients. Furthermore, PARP1/2 inhibitors as monotherapy could be used as first-line treatment (as an alternative to platinum) for NSCLC patients with ERCC1-deficient tumours, who are not eligible for platinum-based treatments for reasons such as poor performance status or comorbidities.
The use of a relatively novel isogenic model of ERCC1 deficiency exemplifies the utility that such genetically controlled systems can have in the identification of synthetic lethalities. Very recently, Cheng et al. 34 reported the potential for using PARP1/2 inhibitors combined with platinum in ERCC1-low cells, using a non-isogenic panel of four NSCLC cell lines and two different PARP1/2 inhibitors-namely veliparib (ABT888; Abbott, Abbott Park, IL, USA) and olaparib (AZD2281; Astra-Zeneca). This represents a different but complementary approach to the approach we have taken here; isogenic models have the advantage of limiting the number of genetic changes between wild-type and mutant cells, so that differences observed can largely be explained by changes in the gene of interest. Although non-isogenic panels may better represent the impact of tumoural genetic and epigenetic heterogeneity, the results from non-isogenic analyses are often more difficult to interpret given the number of genetic variables in a non-isogenic cell line panel. 29 Furthermore, a major pitfall-and challenge-in classifying cell lines according to ERCC1 status is the absence of reliable assay, as the strong similarity among all isoforms precludes distinguishing ERCC1 isoform 202 (the unique functional isoform) from other non-functional isoforms. 15 Expression of non-functional isoforms can therefore result in misclassification, and thus the development of functional assays, such as the duolink technology that detects the ERCC1/XPF heterodimer, will be crucial to overcome this hurdle and create a meaningful classification of ERCC1 functionality. With regards to our isogenic model, the experiment we show here (Figure 2e ), where PARP1/2 inhibitor sensitivity rescue is observed when reexpressing ERCC1 functional isoform 202, provides evidence that PARP1/2 inhibitor sensitivity is very likely a direct consequence of ERCC1 deficiency. Our mechanistic dissection of the sensitivity of ERCC1-deficient cells to PARP1/2 inhibitors revealed that ERCC1 deficiency was epistatic with HR deficiency towards PARP1/2 inhibitor sensitivity. In addition, we found that ERCC1-deficient cells displayed a significant delay in DNA damage repair associated with a G 2 /M cell cycle arrest following PARP1/2 exposure. A similar observation was previously described in ERCC1-null myoepithelial fibroblasts and embryonic stem cells following mitomycin C exposure in a study investigating the role of ERCC1/XPF in the removal of DNA interstrand crosslinks. 35 Together with our observation that PARP1 silencing could rescue PARP1/2 inhibitor sensitivity, this suggests that ERCC1/ XPF may be involved in the removal of a lesion constituted of PARP1 trapped onto the DNA by the PARP1/2 inhibitor. 11, 20 This working model is consistent with the recent description of the crystal structure of PARP1 bound to a DNA break: 36,37 the major bulk created by trapped PARP1 may support that removing PARP1 from the damaged DNA strand is required for the DNA repair machinery to have access to the intact DNA strand. Furthermore, recent observations by Pommier and colleagues 20 provide strong evidence for PARP1 'trapping' by PARP1/2 inhibitors. In addition, the limited double-helix distortion in the latter working model favours that PARP1/2 sensitivity is related to the role of ERCC1 in DSB repair rather than in nucleotide excision repair.
In conclusion, high-throughput drug screens performed in an isogenic model of ERCC1-deficient NSCLC cell lines identified Figure 5 . PARP1 silencing rescues PARP1/2 inhibitor sensitivity in the ERCC1-deficient population. Effect of PARP1 knockdown by siRNA on sensitivity of ERCC1-isogenic cell lines to niraparib. Cells were reverse-transfected with PARP1 siRNA and drug was added 48 h after transfection. Cells were exposed to the drug for 5 days. Error bars represent the s.d. from the mean of three independent experiments. Silencing of PARP1 was checked by western Blot (Supplementary Figure S8B) . PARP1/2 inhibitors as being selectively toxic to ERCC1-deficient cells. Clinical trials in appropriately selected patients, associated with translational studies to further examine the determinants of PARP1/2 sensitivity in this context, are warranted.
MATERIALS AND METHODS

Cell lines and compounds
The generation of the ERCC1-deficient A549 cell lines using zinc finger nuclease gene targeting has been described previously, along with methods for re-expressing different ERCC1 isoforms.
15 A549 cells and U2OS cells were cultured respectively in Dulbecco's modified Eagle's and Mc Coy's medium with 10% fetal calf serum. All cell lines were short tandem repeats DNA typing (STR-typed) in our institution using StemElite ID (Promega, Madison, WI, USA). Olaparib (AZD-2281) and MK-4827 (Niraparib; TesaroBio) were obtained from Selleck Chemicals (Houston, TX, USA). 
Protein analysis, western blotting and immunocytochemistry
Whole-cell protein extracts were prepared from cells lysed in NP250 buffer (20 mM Tris pH 7.6, 1 mM EDTA, 0.5% NP40, 250 mM NaCl) supplemented with protease inhibitor cocktail tablets (Roche, West Sussex, UK). Western blots were carried out with precast Bis-Tris gels (Invitrogen, Paisley, UK) as described previously. 38 Staining, visualisation and quantification of gH2AX and RAD51 foci by confocal microscopy was performed as described previously, 14, 39 after 24 h of treatment with 10 mM of olaparib.
Cell-based assays Short-term survival assays were performed in 96-well plates. Exponentially growing cells were plated at a concentration of 400 (A549), 500 (Ac216, Ac295 and Ac375) or 1000 (U2OS) cells/well. Drug was added 24 h after seeding and cells were continuously exposed to the drug for 5 days, after which cell viability was estimated using CellTitre-Glo luminescence (Promega). Clonogenic assay were performed as previously described. 14, 40 Cells were seeded in 6-well plates (500 cells/well) and continuously exposed to drug 24 h after seeding for 14 days. Media containing fresh drug was replaced every 72 h. Cells were fixed with 10% trichloroacetic acid and stained with sulphorhodamine B (Sigma-Aldrich, Gillingham, UK). Colonies were counted manually and using a colony counting machine (ColCount, Oxford Optronix, Abingdon, UK). Survival fractions were calculated and dose-response curves were plotted as previously described. 14 All cell-based assays experiments were performed at least in triplicate. The resulting structure creates a substrate for the ERCC1/XPF endonuclease. (e) ERCC1/XPF removes the lesion, while the DSB is processed to prepare for homologous recombination. In the absence of ERCC1, cells either die because of the toxicity of unresolved DSBs, or these DNA lesions are repaired by processes that ultimately impair cellular fitness. (f ) In ERCC1-proficient cells, the PARP1 lesion is removed, gap filling is ensured by conventional DNA polymerase (g) and HR can then occur (h), allowing the restart the replication fork.
Drug screen
We used an in-house drug library encompassing 80 drugs either used in clinical practice or in late-stage development. Each compound was dissolved in 100% dimethyl sulphoxide (DMSO) to give 5 mM stocks and then diluted to 0.5, 0.05, 0.005 and 0.0005 mM stocks in 96-well twodimensional matrix plates. Daughter plates in 384-well format were prepared from these 96-well two-dimensional matrix racks using the Hamilton Microlab Star robotic platform. Compounds were stored under a nitrogen atmosphere using a StoragePod (Roylan Developments, Leatherhead, UK). Cell lines were seeded (500 cells/well) into 384-well plates using a MultiDrop Combi Dispenser (Thermo Fisher Scientific, Leicestershire, UK) and incubated overnight at 37 1C, 5% CO 2 . Replicate cell plates were then loaded onto Microlab Star screening platform and drug plates were serially diluted in Dulbecco's modified Eagle's medium before being added to the cell plates. The final drug concentrations used for each drug were 1000, 100, 10 and 1 nM. The final DMSO concentration in all wells was 0.2% (v/v). Controls included 0.2% (v/v) DMSO and 10 mM staurosporine (SigmaAldrich). After incubation in drug-containing media for 4 days, cell viability was quantified with CellTiter-Glo (Promega) using a Victor X5 Multilabel plate reader luminescence protocol (Perkin Elmer, Waltham, MA, USA). Luminescence data from each well was normalised to the median signal from DMSO-containing wells to calculate the survival fraction.
siRNA silencing All siRNA silencing experiments were performed using a SMARTpool of four distinct siRNA species targeting different sequences of the target transcript (Dharmacon, Thermo Fisher Scientific, Leicestershire, UK). Cells were reverse-transfected using RNAimax (Invitrogen) transfection reagent. Transfection efficacy was assessed by independently transfecting cells concomitantly with PLK1 siRNA, which produced more than 95% cell growth inhibition. Validation of RNAi gene silencing was performed by western blotting from pools of concomitantly transfected cells, as described above.
siRNA screen with olaparib An siRNA library (784 kinases and tumour suppressor genes, and 127 DNA repair genes) was purchased from Dharmacon. Each well contained a SMART pool of four distinct siRNA species targeting different sequences of the target transcript. Each plate was supplemented with negative siCONTROL (12 wells; Dharmacon) and positive control (4 wells, siPLK1, Dharmacon). RNAi screening conditions were optimised and raw CellTitreGlo (Promega) luminescent viability readings were performed as previously described. 41 Drug or vehicle (DMSO) was added 48 h after transfection at 1 mM concentration in media and cells were exposed to olaparib for 5 days. Statistical analysis of the siRNA screen was performed as described elsewhere. 38 Flow cytometry analysis Cells were plated in 10-cm dishes and exposed to olaparib 10 mM 24 h after plating. After 1 day of drug exposure, cells were collected, fixed with ethanol and stained using propidium iodide solution (20 mg/ml PI and 100 mg/ml RNase A in phosphate-buffered saline). Total DNA content was quantified and analysed by flow cytometry on a fluorescence-activated cell scan cytometer.
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